Introduction
The continuous scaling of semiconductor devices has produced devices with submicron feature sizes. Localized Joule heating in these devices is becoming a serious issue affecting device reliability. For example, current crowding and localized heating in deep submicron vias are known to strongly impact reliability of interconnects in very large-scale integrated ͑VLSI͒ circuits ͓1͔. Experimental techniques for investigating thermal transport in semiconductor devices are needed for improving device design and for understanding device physics. Such techniques are also desirable for studying new thermophysical phenomena in nanoscale devices made of novel nanostructures, such as carbon electronics ͓2͔.
Scanning thermal microscopy ͑SThM͒ ͓3͔ has been developed to meet the need for thermally imaging devices and nanostructures. While the spatial resolution of other thermometry techniques based on far-field optics ͓4,5͔ are diffraction limited to the order of several microns, spatial resolution of 50 nm has been demonstrated for SThM ͓6͔.
A SThM operates by raster scanning a sharp temperaturesensing tip on a solid surface. The temperature-sensing tip is usually mounted on a micro cantilever of an atomic force microscope ͑AFM͒ probe so that tip-sample constant contact force is maintained by the force feedback loop of the AFM. While the tip scans on a sample, tip-sample heat transfer changes the tip temperature, which is measured and used to calculate the temperature or thermal properties of the sample at the tip-sample contact.
SThM has been used to locate ''hot spots'' in electronic devices and to image contrast in thermal properties of composite thin film materials ͓3͔. In both cases, qualitative rather than quantitative results have been obtained. To accurately interpret a temperature map or a thermal property image obtained by SThM, a thorough understanding of heat transfer mechanisms at the tip-sample contact is required. The knowledge of heat transfer at micro or nanoscale contacts is, however, still limited ͓3,7,8͔. Figure 1 shows the schematic diagram of a SThM tip in contact with a sample surface. Also shown are the various heat transfer mechanisms. The temperature sensor is a thin-film metal thermocouple junction fabricated at the end of the tip. The various tip-sample heat transfer mechanisms include solid-solid conduction at the contact, conduction through the air gap between the probe and the sample, radiation, and heat conduction through a liquid meniscus formed at the tip-sample junction. The liquid meniscus is formed from water molecules and/or contaminations adsorbed on the sample and tip surfaces. Luo et al. ͓7͔ speculated that conduction through the liquid meniscus could be the dominant heat transfer mechanism. This was used to explain the sub-100 nm spatial resolution obtained in the thermal image. Using a heated Pt wire probe to image thermal property contrast on a sample, Gomes et al. ͓8͔ recognized the importance of liquid-film conduction while suggesting that the predominant heat transfer mechanism depends on the sample thermal conductivity.
Recently, we have thermally designed and batch-fabricated SThM probes. Using these probes, we have thermally investigated localized heating in VLSI interconnects ͓9͔ and Joule heating in current-carrying carbon nanotubes ͓6͔ with a spatial resolution as small as 50 nm. Despite achieving sub-100 nm spatial resolution, there still remain questions regarding what is the dominant heat transfer mechanism in this nano-thermometry and what is the thermal contact resistance between the tip and the micro/nano structures. It is important to address these questions for quantitatively interpreting the thermal imaging results and for further improving the technique. In the following sections, we will ͑i͒ present several experiments for characterizing the heat transfer mechanisms at the nanoscale tip-sample point contact; ͑ii͒ describe a model considering various microscale heat transfer mechanisms for extracting point contact thermal resistance from the experimental data; and ͑iii͒ discuss the relative contribution of various conduction mechanisms under different conditions. Figure 2 shows the cross section and scanning electron micrographs of one of the thermal probes that we have thermallydesigned and batch-fabricated ͓10͔. The silicon nitride (SiN x ) cantilever was 128Ϯ1 m long, 18.4Ϯ0.5 m wide, and 0.89 Ϯ0.01 m thick. The tip was made of silicon dioxide (SiO 2 ), and was 8Ϯ0.5 m high and the cone angle of the tip was 36 Ϯ4 deg. Platinum ͑Pt͒ and chromium ͑Cr͒ films were sputtered and patterned on the cantilever and the tip. The thickness of each metal was 75Ϯ5 nm on the cantilever, as measured by AFM. Because of the steep slope of the tip, the metals deposited on the tip were much thinner, in the range of 20-25 nm for each metal as imaged by scanning electron microscopy ͑SEM͒. The two metals were separated by a 270Ϯ10 nm thick SiO 2 film except at the very end of the tip. The junction at the tip end was 900Ϯ60 nm high and 600Ϯ30 nm wide at the base. The tip diameter was 90 Ϯ10 nm as measured by SEM. It should be noted that the cantilever design was not the optimized thermal design. However, because this probe has simpler geometry than other designs with cantilevers of V or other shapes, it is easier to model the heat transfer processes involved. Thus, this probe has been chosen for the following experiments.
Experiments
We first measured the thermopower of the Pt-Cr junction using the experimental setup shown in the inset of Fig. 3 . Under an optical microscope, a tiny drop of carbon paint was used to fix a probe tip to a fine Omega® type-K thermocouple mounted on a silicon substrate by silver paste. The tip was assumed to be at thermal equilibrium with the type-K thermocouple. Another type-K thermocouple was attached in close proximity to the Pt and Cr contact pads located at the end of the Pt and Cr lines. While the silicon substrate was heated to different temperatures, a thermoelectric voltage was created between the Pt and Cr contact pads due to the temperature difference between the Pt-Cr junction and the contact pads. This voltage was recorded as a function of the temperature difference between the two type-K thermocouples. From the same wafer containing the probe shown in Fig.  2 , we chose a few probes for this destructive measurement. One of the measurement results is shown in Fig. 3 . The thermopower of the Pt-Cr junction was found to be 13.4Ϯ0.06 V/K, which is about half of that of a pure bulk Pt-Cr junction. Due to the thinfilm confinement effect and differences in structure and purity, the thin metal films are expected to have different Seebeck coefficients as well as electrical and thermal conductivities from those of corresponding pure bulk metals.
The samples for studying tip-sample heat transfer were thin film metal lines with different line widths and lengths fabricated on silicon wafers containing a 1 m thick SiO 2 film. The topographic image of a Au line obtained by the SThM probe is shown on Fig. 4͑a͒ . This particular sample was patterned using electron beam lithography and metal lift-off technique. The line was 350 Ϯ50 nm wide and 20 m long. When a current passed between the two leads at the two ends of the line, the voltage drop at the middle segment was measured using the two middle leads that was 13 m apart and was used to calculate the four-probe resistance. With a current of 1 A, the resistance was measured while the sample was heated to different temperatures using a hot plate. From the resistance versus temperature curve shown in Fig. 5 , we calculated the temperature coefficient of resistance ͑TCR͒ of the Au line to be (152Ϯ0.6)ϫ10 Ϫ6 K Ϫ1 . When the substrate was at room temperature and the line was Joule heated by a current in the range of 100-1500 A, the temperature rise ⌬T of the metal line can be determined as ⌬Tϭ(RϪR 0 )/(TCR*R 0 ), where R and R 0 are the four-probe electrical resistances when the line was Joule heated and at room temperature, respectively. The measured temperature rise, ⌬T, is plotted as a function of current and is shown in Fig. 6 .
When a current of 781.8Ϯ0.1 A passed the Au line, a thermal image of the Joule heated line was obtained by the thermal probe, as shown in Fig. 4͑b͒ . During thermal imaging and all of the following experiments, the cantilever was parallel to the substrate and oriented perpendicular to the metal line. The thermal image shows that the temperature was uniform along the line. With the probe in contact with the heated metal line, we measured the temperature response of the probe, which is defined as the ratio of the temperature rise at the Pt-Cr junction to that in the sample and has a unit of K/K. For the 350 nm wide line, the measured temperature response was only 0.05Ϯ0.01 K/K, as shown in Fig. 7 . At first sight, this result surprised us because the temperature response of the probes were usually about 0.5 K/K when Al and Au metal lines with larger ͑3-50 m͒ line widths were used to calibrate other probe designs ͓10͔, as shown in Table 1 . To confirm that the low temperature response in Fig. 7 was not due to the specific design of the probe, we used the 350 nm wide line to Table 1 and obtained similar low temperature responses. The probe used for Fig. 7 was also calibrated with a 5.8Ϯ0.2 m wide, 45 Ϯ5 nm thick, and 1500 m long Joule heated Au line patterned on 1 m thick oxide of a silicon wafer. As shown in Fig. 8 , the measured temperature response was 0.64Ϯ0.02 K/K, which was more than an order of magnitude larger than that for the 350 nm wide line. Table 1 shows that the temperature response was larger for the 50 m wide line than for the 3 m wide line. This fact suggested that the probes was heated more by air conduction between the tip and the larger hot area for the 50 m wide line than for the 3 m one. Here, the much lower temperature response for the 350 nm wide Au line led us to suspect that air conduction might be responsible for the large temperature response obtained for the 5.8 m wide lines.
To determine the relative contribution of various tip-sample heat transfer mechanisms, we Joule heated the 350 nm wide line to 5.3Ϯ0.1 K above room temperature and recorded the cantilever deflection and probe temperature response simultaneously when the sample was raised toward and then retracted from the thermal probe. When the sample approached the tip, the cantilever deflection signal remained nearly zero before the sample contacted the tip, as shown in the deflection curve in Fig. 9 . In this region, the temperature response was mostly due to air conduction between the probe and the sample, because radiation contribution is negligible when both the sample and the tip are close to room temperature ͓3͔. As the tip-sample distance reduced, the temperature response due to air conduction increased slowly. Before the sample made solid-solid contact to the tip, the adsorbed liquid layers on the tip and the sample bridged each other. Initially, this liquid bridge pulled the tip down by van der Waals force, as being seen in the dip labeled as ''jump to contact'' in the deflection curve. Coincidentally, there was a small jump in the temperature response curve due to conduction through the liquid bridge. As the sample was raised further, both the solid-solid contact force and the temperature response increased gradually, until the cantilever deflection reached 100 nm higher than its previous position when the initial solid contact was just made. After this point, the temperature response remained almost constant as contact force increased.
As the sample was retracted from the tip, the temperature response again remained almost constant until at a cantilever deflection of 100 nm, the temperature response reduced roughly linearly but at a smaller slope than that found in the approaching cycle. As the sample was lowered further, the tip was pulled down together with the sample by surface tension of the liquid bridge until after a certain point, the restoring spring force of the cantilever exceeded the surface tension and the tip ''snapped out of contact'' with the sample. Associated with the breaking of the liquid bridge, there was a small drop in temperature response.
The above experiment shows several mechanisms. First, before tip-sample contact, air conduction contributed to a temperature response up to 0.03 K/K, which was about 60 percent of the maximum temperature response of 0.05 K/K at large contact force. Second, conduction through a liquid meniscus was responsible to the sudden jump and drop in temperature response when the tip ''jumped to contact'' to and ''snapped out of contact'' from the sample, respectively. Third, solid-solid conduction resulted in the almost linear increase or decrease of temperature response with contact force, which is a well understood feature for macroscopic solid-solid contacts ͓11͔. Since the temperature response decreased at a slower slope during unloading ͑decreasing contact force͒, there must have been plastic deformation during loading ͑increasing contact force͒. For plastic deformation, contact area increases with load ͓12͔, resulting in the linear increase of solidsolid contact conductance with contact force. However, since the conductance was still a function of load during unloading, elastic recovery ͑spring back͒ must have been significant.
Besides the above-discussed hysteresis of temperature response Transactions of the ASME occurred during tip-sample contact, there was another hysteresis in the temperature response curve after the tip was released from the sample. As shown in Fig. 9 , after the tip was snapped out of contact and when the substrate was retracted away from the tip, the temperature response was slightly different from those when the tip approached the sample at the same tip-sample distance. This indicates change in cantilever-sample heat transfer between approaching and retraction when tip and sample were out of contact. One possible scenario is that resonance vibration in the cantilever was excited after the tip was snapped out of contact with the sample. The vibration gave rise to convection and also change in air conduction between the cantilever and the sample, resulting in the hysteresis during approaching and retracting when tip was out of contact with the sample. One question still remains as to why the temperature response saturated for cantilever deflection larger than 100 nm. To clarify this question, we first calculated the contact force corresponding to 100 nm deflection. The spring constant of the composite cantilever beam was calculated following Roark's formulas ͓13͔. For a composite beam consisting of n different materials, the equivalent moment of inertia
where w, t, and E are the width, thickness, and Young's Modulus. The centroidal axis
The spring constant
where L is the cantilever length. Using the parameters listed in Table 2 , we calculated Kϭ0.38Ϯ0.11 N/m. Therefore, the 100 nm deflection corresponds to a contact force Fϭ38Ϯ11 nN. Assuming plastic deformation, this contact force resulted in a contact spot with a diameter
where H is the hardness of the tip or sample, whichever is softer. Among the tip and sample materials, the hardness of Au is the lowest ͓17͔. For thin gold films, two measurement results for H were reported to be 500 MPa ͓18͔ and 1.5 GPa ͓19͔, respectively. For H on the order of 1 GPa, d c Ϸ8 nm. As shown in Fig. 2 , the tip diameter was about 90 nm. However, the details on the tip end are not clearly shown in the SEM image due to the lack of resolution. We suspect that there were asperities of about 10 nm diameter on the tip end, as shown in Fig. 10 . One of the asperities protruded out and first made contact with the sample. The linear increase in contact area is probably due to the roughness on the surfaces of the asperity and the sample, since it is well known that in the junction of random rough surfaces, the contact area increases linearly with contact force ͓20͔. As the contact force increased to about 38 nN, the contact size approached the diameter of the asperity. At this point, the contact area could not increased further with contact force, until the asperity could be completely pressed into the soft sample by a contact force much larger than those used in the experiment. As a result, the temperature response in Fig. 9 remained almost constant for deflection larger than 100 nm. The feature, i.e., saturation of contact conductance at large contact forces, was not unique only to this particular thermal probe, but was also found for several other probes. Some of these probes had been used extensively for imaging before this forcecalibration experiment, and it was possible that some of the asperities at the tip end have been worn out. For this case, another asperity could protrude out at the tip end and was responsible for the conductance saturation. Now we will investigate why the temperature responses for the 5.8 m wide heated line and the 350 nm one were so different. We repeated the point contact experiment for the 5.8 m wide line and the result is plotted in Fig. 11 . We can see that while the increase of temperature response due to solid and liquid conduction was similar in magnitude to that in Fig. 9 , the temperature response due to air conduction, i.e., about 0.6 K/K, is one order of magnitude higher than the corresponding one ͑0.03 K/K͒ in Fig. 9 . Therefore, it is clear that for the 5.8 m wide line, air conduction dominated tip-sample conduction and is responsible for the large temperature response.
The above experiment reveals that the contribution of air conduction in tip-sample heat transfer depends on the size of the heated region on the sample. For larger heated regions, air conduction may dominate tip-sample heat transfer. As the characteristic size of the heat source reduces, the contribution of air conduction decreases and solid and liquid conduction become important. For micro/nano devices with localized submicron heated features, such as carbon nanotube circuits, air conduction contribution may reduce to a level smaller than that from solidsolid and liquid film conduction ͓6͔. In the thermal images of these devices ͓6,9͔, the sub-100 nm resolution was a result of the increased contribution of local solid and liquid conduction; whereas, air contribution was insensitive to the distance between the tip and the heat source, giving rise to a slowly varying background signal.
Modeling
The purpose of the model is ͑i͒ to evaluate the thermal conductance of the liquid meniscus, and that of the solid-solid contact; and ͑ii͒ to examine the possible deviation of SThM-measured temperature profiles from the true ones due to the influence of air conduction. To do this, it is necessary to calculate the temperature response of the probe for different tip-sample distance. In the calculation, it was assumed that the temperature was constant at each horizontal cross sections of the tip and only varied along the height or y direction, as shown in Fig. 1 . This assumption can be justified because the external thermal resistance through the air is much larger than the internal thermal resistance in the tip across each horizontal cross section. Although Fig. 1 shows that the tip is in contact with the sample, we consider a general case that the tip end is at a distance d above the sample. Tip-sample contact corresponds to dр0. In addition, y is measured from the end of the tip instead of from the sample surface.
The sample was the 350 nm wide Au line Joule heated to a temperature T s . The resulting temperature profile on the SiO 2 substrate surface was calculated using a finite difference method. It was assumed that the temperature does not change along the length of the metal line, yielding a two-dimensional problem. This assumption can be justified by the SThM image in Fig. 4͑b͒ and is expected because the length of the line ͑20 m͒ was much larger than the thickness ͑1 m͒ of the SiO 2 film. We considered a computation domain of 0рXр10 m and 0рY р5 m, as shown in the inset of Fig. 12 . The temperature rise sufficiently far away at Xϭ10 m and Y ϭ5 m is assumed to be zero. We ignored heat dissipation through the air and assumed an adiabatic boundary condition on the sample surface. The symmetric geometry results in an adiabatic boundary condition at Xϭ0. For a grid size of 25 nm by 25 nm, we solved the temperature distribution in the computation domain for an electrical current of 1267 A flowing in the line. We confirmed that the modeled temperature profile did not change when the grid size was increased by a factor of 2. The temperature profile on the top surface, i.e., Y ϭ0, and that of Xϭ0 are plotted in Fig. 12 . The average temperature rise of the Au line was calculated to be 13.45 K, which agrees well with the measurement result of 13.42 K obtained from Fig. 6 . The temperature decays to almost room temperature at the SiO 2 and Si interface, which is expected because of the high thermal conductivity of Si compared to that of SiO 2 ͑see Table 3͒ . The temperature also approaches room temperature for XϾ2 m. The modeling results, hence, justify the assumption that temperature rise is zero at Xϭ10 m or Y ϭ5 m.
With the known temperature profile on the substrate, the onedimensional heat conduction equation in the tip can be written as
Here, and r are the half angle and the radius of the conical tip, respectively, as shown in Fig. 1 , A t and k t are the cross section area and thermal conductivity of the SiO 2 tip, respectively, k m and A m are the cross section area and thermal conductivity of the metal coating on the tip, respectively, and p is the perimeter of the square cross section of the tip. For each point on the perimeter, we assumed that heat was conducted by air between this point and a point right below on the substrate, and treated these two points as two parallel plates. This simplified picture of tip-sample air conduction is represented by the second term in Eq. ͑5͒, where T sub was the temperature of the point on the substrate. The distance between the two points on the tip and substrate, respectively, is yϩd. The air conduction coefficient h a needs to be written in different forms for different values of (yϩd)/, where is the mean free path of air molecules and is about 60 nm under ambient condition and at sea level ͓23͔. For (yϩd)/Ͼ100, we assumed a constant temperature gradient at the air gap and used h a ϭ␣k a /(yϩd), where k a is the thermal conductivity of bulk air and ␣ is a geometry factor to accommodate the fact that the tip and the substrate is not exactly two parallel plates. We will obtain ␣ by fitting the modeling results with measurement data. For 1 Ͻ(yϩd)/Ͻ100, significant temperature discontinuity may develop at the air-solid boundaries because intermolecular collisions become less frequent and molecules arriving at the solid surfaces are unable to come into equilibrium with the surface ͓23͔. In this so-called slip regime,
where A is a thermal accommodation coefficient and is about 0.9 for air, ␥ is the ratio of air heat capacity, and Pr is the Prandtl number. For (yϩd)/Ͻ1,
where k a Ј is the thermal conductivity of air in the free molecule flow regime, and C and V is the heat capacity and velocity of air molecules, respectively. The boundary conditions are
where R ts is the tip-sample thermal resistance. When the tip is not in contact with the sample, R ts ϭ͓h a (A t ϩA m )͔ Ϫ1 ͉ yϭ0 , as a result of air conduction between the tip end and the sample. When the tip was in contact with the sample, or dр0, R ts is due to solidsolid and liquid film conduction and will be obtained by fitting the modeling result with measurement data. T 0 is the ambient temperature.
When the cantilever was oriented perpendicular to the 350 nm wide metal line with the tip above the center of the line, the substrate right below the cantilever arm was more than 2.5 m away from the metal line, because the base of the tip was 5 m wide, as shown in Fig. 1 . For the 350 nm wide line, the substrate temperature approaches room temperature for XϾ2 m, as shown in Fig. 12 . Accounting for air conduction between the cantilever and the room temperature substrate below, the thermal resistance of the cantilever, R c is solved using fin theory ͓24͔
where L, w, t, and k c are the length, width, thickness, and thermal conductivity of the cantilever, respectively, h a is the heat conduction coefficient of the air gap between the cantilever and the substrate and was calculated following the discussion in the preceding paragraph with ␣ϭ1 because the cantilever and the substrate can be treated as two parallel plates. The thermophysical properties of candidate probe materials are tabulated in Table 3 , where the thermal conductivity data of the metals are for pure bulk metals. To determine the thermal conductivities of the thin metal films, we measured their electrical conductivities as a function of thickness, as shown in Fig. 13 . Using Wiedemann-Franz law and assuming that the reduced thermal conductivities of the thin metal films had the same proportionality with the reduced electrical conductivities ͓25͔, we estimated the thermal conductivities of the thin metal films on the cantilever. From the electrical conductivity measurements, the correction factors with respect to bulk values were 0.3 for Pt and 0.39 for Cr. For the even thinner metals on the tip, the correction factor were 0.22 for Pt and 0.28 for Cr. It is unnecessary to correct the thermal conductivity of SiO 2 at the SiO 2 tip end, because the phonon mean free path in amorphous SiO 2 is expected to be shorter than the size of the end of the SiO 2 tip ͓26͔, which was about 20 nm.
Equation ͑5͒ was solved using a finite difference method to obtain the temperature distribution in the tip, i.e., T(y), for different value of tip-sample distance d. A non-dimensional temperature at a distance y away from the sample was defined as
Due to the particular geometry of the junction at the tip end, the measured thermal signal corresponds to the temperature difference between the room temperature and that at about 900 nm away from the tip end for the probe shown in Fig. 2 . We plotted the modeled temperature response (yϭ900 nm) as a function of tip-sample distance in Fig. 14 . Two measurement results are also shown in Fig. 14 . The sample travelling range was 0.5 m for the measurement result in the inset and 3.8 m for the other one. For the one with 3.8 m travelling range, the distinction between the sudden jump due to liquid conduction and the gradual increase due to solid-solid conduction is unclear due to the lack of resolution in sample position. To fit the modeling results with the experimental ones while the tip was not in contact with the sample, we used ␣ϭ0.8 to correct tip-sample air conduction for the deviation from that between two parallel plates. Considering the 0.01 K/K uncertainty in the measured temperature response, we estimated the uncertainty in ␣ to be Ϯ0.1. After obtaining ␣, we used R ts ϭ(1.5Ϯ0.3)ϫ10 8 K/W to fit the magnitude of the temperature jump due to liquid film conduction. This resistance value corresponds to a liquid film thermal conductance G l f ϭ6.7 Ϯ1.5 nW/K. To fit the modeling result with the measured saturated value of temperature response at the critical contact force Fϭ38Ϯ11 nN, we used a solid-solid contact conductance of G ss ϭ(29Ϯ6) nW/K, assuming that liquid film conductance did not change for contact forces smaller than 38Ϯ11 nN. Therefore, the proportionality between solid-solid contact thermal conductance and contact pressure is G ss /Fϭ0.76Ϯ0.38 W/m 2 -K-Pa. The estimated liquid and solid-solid conductances are different from what were suggested by previous work ͓7͔. In that work, the solid-solid conductance was estimated to be on the order of 10-100 nW/K, which was close to what was found in this work. However, the liquid film conductance was estimated to be on the order of 1 W/K, two orders of magnitude larger than the current result. The estimation of liquid film conductance did not include the contact conductance at the solid-liquid interfaces, which may be much lower than the conductance through the liquid film of monolayer thickness. Therefore, the liquid film conductance could be quite low, as found in this study.
The low solid-solid and liquid-solid contact conductance results in low temperature responses for samples with a localized submicron heated region, such as the 350 nm wide line as well as defective submicron VLSI vias or current carrying-carbon nanotubes. To improve the temperature response, there is still some room to improve regarding the thermal design of the probes. In fact, the current probes made of low-thermal conductivity materials was expected to have larger temperature response than those constructed from high-thermal conductivity ones. To confirm this, we calculated the temperature response of the probe for different probe materials. For a liquid film conductance G l f ϭ6.7 nW/K and a maximum solid-solid contact conductance G ss ϭ29 nW/K, the temperature distribution in the tip is calculated for different combinations of tip and cantilever materials and is plotted in Fig. 15 . Clearly, the temperature response of the probe is improved for using low thermal conductivity materials such as SiN x and SiO 2 . The temperature response can be further improved for smaller ͑100-300 nm high͒ junctions and narrower cantilever width, etc, as discussed in another paper ͓10͔.
Last, due to the influence of air conduction, the measured temperature profile may deviate from the true one. This may occur even when air conduction contribution decreases for the 350 nm wide line and other micro/nano devices with submicron localized heated features. Using the above model with G l f ϭ6.7 nW/K, and a solid-solid conductance G ss ϭ14.5 nW/K corresponding to 50 nm cantilever deflection, and ␣ϭ0.8, we predicted that the SThM-obtained temperature profile across the 350 nm wide line decays slower than the true substrate temperature shown in Fig.  12 . The predicted SThM measurement result and the substrate temperature profile from Fig. 12 are plotted in Fig. 16 . For the ease of comparison, we plotted a dimensionless temperature defined as ϭ⌬T(X)/⌬T(0), where ⌬T(X) is the temperature rise of the sample surface at a distance X away from the center of the Au line. To confirm the prediction, the SThM-measured temperature and height profiles are also shown in Fig. 16 . Note that the cantilever deflection was maintained at 50 nm during tip scanning. Figure 16 shows that the measurement result agrees well with the prediction. This confirms that the modeling results of G l f , G ss , and ␣ are in the correct ranges. Furthermore, the results in Fig. 16 suggest that it is desirable to perform SThM at vacuum, as has been demonstrated by Nakabeppu et al., ͓27͔, in order to eliminate the unwanted influence of air conduction.
Conclusion
We have experimentally investigated the heat transfer mechanisms at the SThM tip-sample contact with a contact diameter of 90Ϯ10 nm. The contribution of tip-sample air conduction depends on the size of the heated region on the sample and is not sensitive to tip-heat source distance. For large heated regions, air conduction dominates tip-sample heat transfer, resulting in large temperature responses. For micro/nano devices with submicron localized heated region, the contribution of air conduction decreases; whereas, conduction through the solid-solid contact and a liquid meniscus become important, resulting in sub-100 nm spatial resolutions achieved in SThM images. Despite the superior spatial resolution, SThM-measured temperature profiles deviate from the true one due to the influence of air conduction. Therefore, it is desirable to perform SThM in vacuum to eliminate the unwanted influence of air conduction.
To estimate the magnitude of solid-solid and liquid film conductance, we developed a one-dimensional heat conduction model considering various microscale heat transfer mechanisms. Using the model, we inferred from the experimental data that the thermal conductance of the liquid meniscus was G l f ϭ6.7Ϯ1.5 nW/K. Solid-solid conduction increased linearly with the contact force with a contact conductance of 0.76Ϯ0.38 W/m 2 -K-Pa. For contact forces larger than 38Ϯ11 nN, solid-solid conductance saturated. This is most likely because at large contact forces, the contact size between the sample and an asperity on the tip end approached the asperity diameter of about 10 nm, and could not increased further with contact force. 
